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Abstract. Numerous RNA binding sites for specific structed. For example, study of arginine:RNA complexes
amino acids are now known, coming predominantly fromhas played a substantial role in the subject of regulatory
selection-amplification experiments. These sites ararginine-rich peptide:RNA affinities (Tan and Frankel
chemically discriminating despite being predominantly 1995) such as that in retroviral transcriptional control via
small, simple RNA structures: internal and bulge loops.Tat: TAR RNA complexes.
Recent studies of sites for hydrophobic side chains sug- However, such binding interactions necessarily asso-
gest that there are other generalizable structural featuresate particular RNA sequences (within the sites) with
which recur in hydrophobic RNA sites. Further, sites for particular amino acids. This parallels the logic of the
hydrophobic side chains can contain codons for thegenetic code, which also associates RNA sequences with
bound amino acid, as has also long been known for théndividual amino acids. It is worth inquiring whether
polar amino acid arginine. Such findings are comprehenthere is any connection. Are amino acid:RNA associa-
sively reviewed, and the implications for the origin of tions within binding sites anything like amino acid:RNA
coded peptide synthesis are considered. An origins hyassociations preserved in the code? Recently, this possi-
pothesis which accommodates all the data, DRT (direcbility has been briefly treated, with varying conclusions
RNA templating), is formulated. about the application of binding-site data to this problem
(Hirao and Ellington 1995; Cedergren and Miramontes
Key words:  Selection-amplification — Genetic code 1996). However, a comprehensive treatment does not
— Affinity selection — RNA structure — Internal loop exist and seems due. Below | discuss all published, char-
acterized, specific interactions between free amino acids
and RNA sequences, to see if they can sustain a ratio-
Introduction nalization of the genetic code in terms of presently de-
monstrable RNA chemistry.

Small RNAs can be folded to yield binding sites for
varied amino acids. Such RNA binding sites not only
distinguish similar side chains, but can be quite selectivesjtes Considered

for L-amino acids over the-enantiomer. Given such a ] ) )
portfolio of information about amino acid:RNA affinity, There are three pieces of work that are not discussed in

to what uses can it be put? One possibility is that suctfetail below, however, because the present analysis both
individual RNA sites can be the building blocks from calls for RNA sites directed at the amino acids alone (not

which biological protein—-RNA interfaces are con- at sites which also include other features) and, in addi-
tion, requires sites whose nucleotide sequences are
known. A reader interested in a more complete survey
Correspondence tavl. Yarus; e-mail: yarus@stripe.colorado.edu might refer to these three omissions: in one case, an RNA
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triplet no. freq locus of the splicing cosubstrate site (Michel et al. 1991),
AGA 319 @7 it h_as been recognized_(Yarus_ and Christian 1991)_that
AGG 11 Bpes while the nucleotides immediately at the guanosine/
AGU no arginine site vary, they are virtually always triplets (Ya-
ACL 5 ol rus et al. 1991b) which correspond to arginine codons.
CCA 94 @2 Thus freg arg.inine binds to an RNA site containing its
CCG 1 ez own coding triplets.
ccu v 0B The group | RNA active-center sequence is updated in
COL 17 BB38 Fig. 1. The figure shows the triplets at the presumptive
[ Gl/arg sites within the active-site P7 helix of 447 cur-

NGLNNN group [ helix P7

N_CNNNN rently known group | RNA sequences from all phyloge-

Fig. 1. Sequences of the triplets at the G/arginine site in 447 se-Netic groups. Only the nucleotides along one side of the
quenced group | RNAs. Nucleotides 263 264 288ttahymenawum-  helix are active in the binding site (Yarus et al. 1991a),
bering) are shown. N, any nucleotide;,Mny nucleotide, but comple-  as shown in Fig. 1. Canonical arginine codons are AGR
mentary to N; ¥, Uor C;R, Aor G; M, Cor A/ H, AorUorC. and CGN; about 99% of 447 such active-site group |
triplets are arginine codons, and five of six of the modern
- arginine codons have been observed (Fig. 1). The ex-
was selected for affinity to tryptophan—agarose, but th reme conservation of this pattern makes it likely that

?lig?nulfltoﬁosrl]% nsoéc?siaskhiggzt)o tF))'rnodb;lelyfr;,e\l:rgllg%iﬂgarginine coding triplets which bind arginine are at least

that bind the agarose matrix were included in the sitealS old as the group | active center. Group | RNAs may be
. L ancient (Shub 1991), perhaps ancient enough to be the
Second, DNA sites for arginine were selected (Harad I (Shu ). P ps ! .~

and Frankel, 1995), but the change from RNA to DNA%rogemtor of the code for arginine. A more comprehen-

. . sive review of this site is available (Yarus 1993).
makes relevance to the genetic code arguable. Finally, The detection of what could be a molecular fossil

Egglstrpt;b;rlﬂln%.R(;\.lAs vyterehselecteii ézlnn:en atn(é Yiwsembodying the genetic code for arginine led to a more
h )RllilA € '3 tlr?g S| esthavefno eten Ofellﬁ Wi Tlh eneral search for coding sequences in amino acid-
re?nsaeining :‘)'(;enrime?[/saarfe sg\r/eer?rseelr;::tilcj)f]eal:nplief:;tio inding sites. Selection-amplification (Tuerk and Gold

. ) ; Robert 1990; Ellingt tak
(Ellington and Szostak 1990; Robertson and Joyce 199(%990 obertson and Joyce 1990; Ellington and Szosta

; S 990) supplied a general technique for isolation of such
Tuerk and Gold 1990) experiments which isolated RNASpy ¢ s procedure typically being with 1B-10"
with an affinity for amino acid-containing columns and

: . . . RNAs with diff t randomized , derived b
one natural-site amino acid (Yarus 1988) whose discov; S with ditterent randomized sequences, derived by

introduced th bl f o ; " transcription of random-sequence DNA. The tiny minor-
ery intro ucec the possibi Ity o specific amino acid: ity of amino acid-binding RNAs in this population may
RNA association, with which we begin (Fig. 1). be purified by affinity selection among these molecules
using retardation on an amino acid-containing matrix and
(usually) elution by free amino acid. Selected molecules
A Natural Example can be amplified by conversion to cDNA and subsequent

PCR. Transcription and repetition of this cyclic proce-

The group | RNAs are catalytic introns. These frequentlydure finally yield novel RNAs with amino acid binding
catalyze their own excision and splicing from a precursorsites.
RNA (e.g., Golden and Cech 1996). This process begins
with catalysis of attack by a free molecule of the splicing
cofactor, guanosine or G nucleotide, at thee éxon—
intron junction. Within the group | self-splicing RNAs
there is a broadly conserved (Hicke et al. 1989) site for
arginine, which can be moderately avi{ = 400 M), Figures 2 and 3 show the predominant RNA structures
quite selective among the standard 20 amino acids (160:which met such affinity selections for amino acids. In
againstL-lysine), and up to 10:1 selective:p) against each case the binding site was defined as closely as pos-
p-arginine (Yarus and Majerfeld 1992). This arginine sible, so that these drawings generally contain fewer
site exists within the guanosine splicing cosubstrate siteucleotides than their originals. Conservations among
because of a resemblance between the stacking (Yarusolecules, single-ended truncation experiments to find
and Majerfeld 1992) and, particularly, the hydrogen-minimal active structures (boundaries), remutagenesis,
bonding (Yarus 1988) patterns of guanine and argininemodification-interference, and other types of information
In accord with binding to the same groups, substitutionhave been used wherever possible to concentrate atten-
of nucleotides within this RNA site alters the activities of tion on the region of the RNA nearest the amino acid.
guanosine and arginine in parallel (Yarus and Majerfeld At first glance, the structures themselves appear simi-
1992; Yarus et al. 1991a). Since the discovery of thdar in one sense. Save for one example, all amino acid

A Review of Sites from Selection-Amplification
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ch 0 SELECTION PREVALENCE PROPERTIES
5
COGUG™ NNN-UCG arg Sepharose-
geac, NNNNQ?C 5 thiopropyl-cys 60% Kp = 1 mM for
" -arg free arginine
CCCAC
IREan Uce arg arginine elution
cacag age 12%
aguac 25 randomized
CAGG nucleotides
ceeue - Cuc arg | 5x10% initial 8%
cac a gag seqguences
ane, 1 Sepharose- -
CAACOC & thiopropyl-cys o o= 4 mM or
ACAGAUCGG CNUG erg arg or .GMP 55% free arginine
! MP i i
cuagtl ) aca GNac G K, = 110 M
aa 4 arg & GMP for free GMP
e elution
CAACGC i
ACAGAUCG ANUG 0rg | o5randomnt  “Gpovery
CuOgC C CCGAA M Nac GMP 5% 10" seqs remutagenesis
Agarose-arg
g oan
h . ., arg NaCl elution 41% Ky=2-4mM
NNC CUN__
30 random nt
Ty Agarose-cit
NNCEGUUAGGUC R NAN cit citrulline elution 100% K =65 UM f
) , b uM for
NNGU G AGGNNNNN 74 random nt free citrulline
i 10™ segs
71
AGGUAGG, - R derived from K, = 60 uM for
NNC UC  NMNN ar g Agarose-arg above by free arginine
NNG AG,., . NNN remutagenesis Fig. 2. Structures and sequences of RNA
C G GNN ; . i o
i ‘ sites selected to bind arginineowercase
= €] Agarose- ‘ Ietters,fixed nucleotide;capitalized !eFters,
] A»CCG\- arginine randomized nucleotiddjoldface,arginine
AUGAUAY GOU A coding triplet whose identity is unforced.
UACUGUL\/ 6C arg denaturing Filled squaresyeactivity to DMS altered by
b o arginine elution 26% Ko =0.33 uM arginine;filled circles, phosphate interference
A .%U A 74 random it for free with arginine bindingfilled triangles, base
UUCUCCUG A arginine interference with binding to arginine column;
~_AAGGOGAU G 10% seqs ‘ arrowheadsbase in proximity to bound amino

acid side chain.

binding sites are within simple asymmetric internal orinitially fixed, unless subsequent randomization showed
bulge loops, containing 1 to 10 nucleotides on eachthat the fixed sequences had become essential for site
strand. This comparison extends even to the natural sitactivity. As another example, triplets are not boldfaced if
for arginine in the group | active center. Thus small their only apparent role is as Watson—Crick pairs to ini-
asymmetric loops are able to present chemically variedially fixed sequences. To help make such distinctions,
polar and hydrophobic surfaces despite their size anducleotides originally fixed are in lowercase letters, and
structural simplicity. This apparent potential for RNA nucleotides which were randomized in capitals.
sites of similar overall structures but specific for varied
amino acids is discussed again below.

Within these structures, coding triplets are of particu-Sites Taken One by One
lar interest. In Fig. 2, arginine triplets within arginine
binding sites, like those in the group | active center (Fig.Now for a survey of results of selection: Fig. 2a shows
1), are boldfaced for special consideration. But not allthe three most frequent RNAs found to bind arginine
such triplets are marked. To be singled out, the identitywhen affinity for Sepharose—arginine and elution by free
of a triplet must be acquired during the selection, and.-arginine in the chromatographic buffer were used for
must not be forced by trivial aspects of the experimentakelection. Boundaries and comparison of similar active
design. For example, a boldfaced triplet must occur insequences were used to assign the minimal structures
nucleotides originally randomized rather than sequenceshown. The molecules shown and their close congeners
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e .| SELECTION PREVALENCE PROPERTIES
; GACA
5 weccols— ~~.GGGG | Agarose-val 28% Ko =12 mM
3 999C0C proar uCAGE UUCC | valinamide elution
25 randomized nt
3x 10" seq
b.
G A A
C CGUG UA_UAU CC
9 gcoc_ou aus_gg _ 18% Ky =10 mM
u c Sepharose-ile
isoleucine elution
An 50 randomized nt
O/\UUGA 2x10"™ seq Fig. 3. Structures and sequences of RNA
A AA Gasan binding sites for aliphatic amino acids.
NNNN GONN 14% Ko= 0.4 mM 95 gt
NN YN Conventions as in Fig. 2 except thaten
Aaa ca 4o & trianglesindicate no interference with binding and
elution by arginine.

account for 80% of the sequences in the final pool. Thel996). The recurring sequences found can often be sum-
third most prevalent (third row), at 1 of 12 total pool marized as variants of the natural HIV TAR hairpin, as
sequences, contains a triplet corresponding to an argininghown. Only a few nucleotides are fixed, including only
codon (boldface). Though the sequence of this tripletone run of three, which is not an arginine triplet.
varied, it changed to AGA, another arginine codon (Con-  Figure 2d summarizes a family of RNA sites (Famu-
nell et al. 1993). lok 1994; Burgstaller et al. 1995; Yang et al. 1996) for
Figure 2b shows two related sequences which are thehich refined NMR structural data (Yang et al. 1996) are
results of a more complex selection, in which affinity and available. In this case, the approach to arginine was in-
affinity elution occurred on alternating GMP and argi- direct. An initial selection was for affinity elution with
nine columns. The plan of the selection (Connell and.-citrulline, an amino acid with a related structure, and
Yarus 1994) was to isolate sites which could be com-only the RNA shown at the top in Fig. 2d met the selec-
pared to the group | RNA, which binds both a nucleosidetion (21 sequences). To see if the initial RNA specificity
and an amino acid. In addition, determination of thecould be changed to arginine, and to determine how
minimal number of nucleotide changes required to altemany sequence changes would be required, the initial
emphasis between these specificities was a goal. A singlisolate was resynthesized with 30% mutation at each
Y-to-A transversion in the site appeared to cause a 100position (10% of each nonparental nucleotide) and rese-
fold change in the relative binding constants for GMPlected by arginine elution from arg—agarose. The new
and arginine, indicating that this site withstands thestructure at the bottom in Fig. 2d has three nucleotide
single mutations needed to evolve a new specificity.changes and is highly specific forarginine.
Boundaries, synthesis of truncated RNAs, and the chemi- The three changed nucleotides account for the change
cal modification studies shown make the neighborhoodn side-chain specificity. All three contact the citrulline
of the amino acid site apparent. In Fig. 2b squares appeaide chain specifically in the NMR structure of the origi-
above nucleotides protected from DMS by arginine,nal molecule (Fig. 2d; filled arrowheads at the top)
circles appear by phosphates protected, and triangles ap¥ang et al. 1996). The three changes (Fig. 2d; filled
pear where DMS reaction interferes with affinity for the arrowheads at the bottom) create two new arginine trip-
arginine column. The tight constellation of these func-lets and an arginine site. Nucleotides of both triplets are
tional nucleotides makes clear that the arginine site isnside the van der Waal’s radii of the arginine side chain.
close to two arginine triplets, CGC (above) and AGA Triplet AGG makes contacts via all three of its bases.
(lower strand). This structure comprised the majority of The A is packed against the amino acid (Fig. 2d; open
sequences that met the initial selection. The lower strucarrowhead at the bottom), and the two G’s each make
ture, containing only the upper-strand triplet, is derivedmultiple hydrogen bonds to arginine guanidinium. The C
in parallel with the upper one by remutagenesis and alof CGN also makes multiple hydrogen bonds to the end
ternating reselection. of the arginine side chain. The contact between the new
Figure 2c shows the consensus sequence from theiplets and the amino acid is therefore intimate: as close
only selection for a property other than affinity elution as separate molecules usually get.
by arginine. Here the ability to survive elevated NaCl Finally in Fig. 2e, the most complex structure (an
elution from arg—agarose was selected. The purpose wasternal loop somewhat like the other sides but surround-
to focus on the partially electrostatic interaction betweening a self-contained pseudoknot) appears as the result of
the guanidinium group of the arginine side chain and thehe most complex selection (Geiger et al. 1996). The
nucleotide phosphate. Such an interaction mimics thetructure shown was selected to resist several prelimi-
retroviral Tat—-TAR RNA interaction (Tao and Frankel nary elutions from agarose—arginine, including elution
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with 20 mM arginine at 23°C. It was collected after heat Sites for Aliphatic Side Chains
denaturation at 95°C using further arginine affinity elu-

tion. The binding site has exceptional affinity and-  gjgyre 3 summarizes RNA sites selected for affinity for
stereoselectivity (12,000-fold) for free-arginine. The  5ming acids with aliphatic hydrophobic side chains: a

position of the argin_ing site is defined on!y by the five gjie for L-valine (Majerfeld and Yarus 1994) and two
A's protected by arginine (from N-1 alkylation by DMS) ' ore recently isolated sites which bind isoleucine
scattered over the molecule. Remarkably, however, threﬁ\/lajerfeld & Yarus, 1998).

of these A nucleotides are within arginine triplets (bold- Figure 3a shows a valine-specific site within an inter-

face in Fig. 2€) and three of four such triplets in the site |50 of 4 over 10 nucleotides. The binding reaction is
are involved. The fourth AGG triplet appears to be com-pqape for distinguishing aliphatic side chains of the
pletely paired in a helical stem. same area but different shapes, and for its affinity per
methylene group of about —1.5 kcal/mol, not greatly dif-
ferent from many proteins which bind hydrophobic li-
gands. However, it contains no conserved coding triplets

) for valine among its nucleotides, though there is one (not
These selections taken together make clear that there a%ﬁown) among the variants of the lower loop (Majerfeld

a very large number of ways in which to generate spe- 4 yarus 1994).

cific RNA sites for arginine. No site predominant in one Figure 3b shows the two predominant structures in a

selection has ever been reisolated in another, indepeny, | ot RNAs selected to bind isoleucine (Majerfeld and
dent experiment. Instead, each time the selection wag .. o 1998). The upper sequence is defined only by
changed, a new set of sequences, or usually several s

k G'stlf.*quence conservations but contains the oligomer
of new sequences, appeared. This undoubtedly refleCt/§UAUAUA (which can be read as overlapping isoleu-

the stacking and H-bonding versatility of the gua- ;jhe AUA codons). However, it was not analyzed exten-
nidinium side chain of arginine, which is somewhat like sively because it is not side chain selective.

a nucleotide in its planarity and H"?O”d_ing pqttem._ The lower sequence in Fig. 3b contains an isoleucine
Thus we are probably underestimating this variety.yinging site positioned within the 7 nucleotide over 2

Selectio_ns are often progressively increased in rigor Noop shown. Binding has been localized by multiple cri-

supcesswe_cycles but are usually stoppe_d short of the, . by sequence conservation, by boundary experi-
point at which only one sequence can satisfy the seleGyeny by synthesis of truncated molecules and molecules
tive criterion. Thus in all selections for arginine affinity, of altered structure, and by the modification—interference

the final pool contained 20-74% uncharacterized Seyaia shown in the figure. The specific nucleotides of the

quences, or sequences which at least go undescribefh,, constrained by arbitrary flanking helices, create the
Judging from experience, only a small minority of thesegjie Here an AUU triplet (an isoleucine codon) is a con-

W'"Ibe nonfunctional n0|seh,. surviving ?electlcf)n for anlserved feature of the isoleucine site, which alsa-is
Irrelevant reason. Among this variety of rarer functional gie e gselective and selective among aliphatic amino ac-

sequences, therefore, there will surely be the missingys The discovery of apparently functional coding

reisolated sequences from other selections, as well 8g,,ences within these sites for a new chemical class of
new, yet undetected ways of folding sites for arginine. giya chains provided the impetus for this review.
With regard to triplets, in eight selected RNA binding

sites for arginine, there are 11 arginine coding triplets

which are arguably in, or close to, molecular contact with ) o

the amino acid itself and are not forced by the conditionscOnclusions About Hydrophobe:RNA Associations

of selection. Taken another way, five of the eight site

structures contain such sequences. If the natural groupRNAs provide selective sites not just for the intensely

site is also considered, these statistics would be 12 trippolar arginine side chain, but also for the chemically

lets in 9 sites and 6 of 9 structures containing codingdisparate aliphatic hydrocarbons of valine and isoleu-

triplets. This includes structurally explicit cases such asine. Within the fewer number of sites for aliphatic side

in Fig. 2d, where both the arginine site and the twochains, asymmetric internal loops are again prominent

triplets contacted by arginine are simultaneously createdtructures, as they were for arginine. These simple mol-

by selection for arginine affinity (Yang et al. 1996). This ecules again make distinctions that might have once

kind of observation requires further interpretation, and Iseemed outside the capability of even complicated RNA

return to it below. structures: in Fig. 3a-valine is preferred to-isoleucine,
Because one might argue that the unique chemicahnd in Fig. 3b this preference is reversed. Strings of G’s

character of arginine makes it a special case, it would bassociated with G:U appositions are prominent in both

useful to have sites with other specificities to comparevaline and isoleucine sites, and this is likely of functional

Thus the next section. significance (see below). Whatever the building blocks,

Conclusions About Arginine:RNA Sites
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it is clear that hydrophobic elements must exist in RNA
which can be assembled by a higher-order structure intg

a.

sites of different shape and extent. ® TCGTGGGTCATTGTGGGTGGGTGTGGC TGGTCC
Some of these hydrophobic building blocks can be

enumerated from structural data. In NMR and crystallo- L.

graphic structures of nucleic acid:peptide interfaces with

a conspicuously hydrophobic character, purine base sut- 5'GGCGCACGGUUGGUUGG

faces (Y Kim et al. 1993; JL Kim et al. 1993; Werner et CCeco GG

al. 1995), the C1H side of the sugar ring (Y Kim et al. GAUUAUAGUGC

1993; JL Kim et al. 1993; Werner et al. 1995), and the
minor groove edges of bases (Y Kim et al. 1993; JL Kim
et al. 1993; Werner et al. ]_995) apparenﬂy make stabiFig. 4. Nucleic acid sites for large hydrophobic ligands contain many
lizing or minimally destabilizing contacts with aliphatic 'S @nd U/T's.a Catalytic DNA that binds porphyrin (Li and Sen
. . . . . 1996).b Catalytic RNA that binds porphyrin (Conn et al. 1996). G’s

and aromatic amino acid sidechains. and U/T's areboldfaced.

Even more specifically, a structural model for ribo-
nucleotide:isoleucine interaction exists. It is a variation
of a theme just mentioned for DNA:peptide structures.isolates; 84% of the conserved loop nucleotides are G
BIV-TAR RNA is a retroviral regulatory element whose and U. Figure 4 shows these remarkable structures with
interaction with proteins can be modeled by peptidesG and U/T in boldface to make their prevalence evident.
which bind the RNA. The peptide:RNA interaction in- Thus larger hydrophobic sites can also be constructed
cludes an isoleucine which contributes to the free energyising G and U, and conversely, conservation of G/U
of association (Chen and Frankel 1995). In two NMR motifs in an RNA may indicate a hydrophobic site.
structures of the peptide:RNA complex (Pugilisi et al.
1995; Ye et al. 1995) the isoleucine side chain abuts and
makes its apparently stabilizing interaction with the hy- A DRT Theory
drophobic H5-H6 edge (the side away from the WC

pairing face) of a crucial U base (compare Sundqwsli now consider the implications of RNA sites for amino

1996). In fgct,.the amino acid side-ghain OIiStinCtionSacids for the evolution of the synthesis of peptides of
made by this site, deduced from binding meas“rementﬁredetermined sequence.

on substituted peptides (Chen and Frankel 1995), are of Simple RNA structures are capable of binding varied
the order of those also measured in the selected RNAming acids with substantial discrimination. This sup-
sites above. Notably, conserved U’s are prominent in a'\oorts any scheme in which specific RNA:amino acid
three selected internal-loop sites for aliphatic aminOjnteractions underlie the genetic code. That is, the ste-
acids. reochemical theory championed by Woese et al. (1967)
G’s in hydrophobic RNA sites may also be expected.is strengthened, with respect to an alternative entirely
The arginine site in Fig. 2d (Yang et al. 1996) contains agrpjtrary “frozen accident” (cf. Crick 1968). However,
hydrophobic contact in which the aliphatic part of the RNA is unexpectedly versatile, such that the code may
arginine side chain is extended across the face of a guaye a frozen stereochemical accident. In other words, the
nine base. Such aliphatic-guanine base contacts aigde may preserve a set of biochemical interactions, but
among the earliest-identified hydrophobic ribonucleotidethe choice of particular interactions now appears so
base—amino acid interactions. They are evident in théyroad that many other codes could have resulted.
GTP-binding pockets of EF-Tu (la Cour et al. 1985) and A form of stereochemical theory which accommo-
ras (Pai et al. 1989). Thus both conserved G’s and G:ldates all the data above is shown in Fig. 5a, which de-
appositions in the three aliphatic sites in Fig. 3 may befines the direct RNA templating hypothesis (DRT). For
explicable in terms of already-known interactions. concision, | use DRT to refer to the RNA template, its
Furthermore, the small G/U motifs that occur in the action, and the hypothesis. The crucial notion is that
sites selected for these two aliphatic amino acid sidespecific peptides were first made by ordering carboxyl-
chains recur in greatly expanded form in nucleic acidactivated amino acids using amino acid sites in an RNA
sites for large hydrophobic ligands. A DNA oligomer template. Within the sites are subsequences which will
selected to bind and introduce a divalent ion within thebe selected, as translation evolves, to become modern
hydrophobic porphyrin ring system (Li and Sen 1996) iscoding sequences. Ordered peptides themselves are en-
composed of 82% G and T (Fig. 4a). An RNA oligomer visioned as being of value in the RNA-based biosphere,
selected to catalyze a similar porphyrin metalation reacso that there was selection for the origination, and then
tion (Conn et al. 1996) is also very G and U rich (Fig. improvement, of peptide synthesis.
4b). In the latter case the active-site residues are known There are at least three compelling arguments for a
because they are completely conserved in independel@RT theory. First and most important, the chemistry
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X M (Figs. 1-3). Such prospective template RNAs containing

o§§§§§% amino acid sites could have been relatively small; for

SRS example, they need be no larger than RNAs already

s made using activated nucleotides and mineral catalysis

o ‘?.:ig:*:%‘\ (Ferris et al. 1996). There is therefore a substantial body

of experimental support for DRT.

Second, the proposed primordial DRT system is
simple, consisting of only two elements: RNA templates
s and activated amino acids. Simplicity would be a cardi-
nal virtue amidst the irreproducibility prevailing in a
forming or primitive organisms. No simpler system is
possible; but if the addition of a third element (e.g., a
peptidyl transferase) is thought to be essential, it can
likely be incorporated into the initial DRT, as modern
RNAs may perform similar catalysis (Noller et al. 1992;
Lohse and Szostak 1996; Welch et al. 1997).

Third, the DRT hypothesis meets the requirement of
continuity (Orgel, 1968), which says that ancestral sys-
tems should give way smoothly to their modern coun-
terparts without the need for discontinuities and ad hoc
innovations. Figures 5b and c are not canonical parts of
the DRT hypothesis but illustrate a plausible continuity.

In Fig. 5b, ancestral transfer RNAs arise to adapt
amino acids to RNA binding sites on templates whose
coding was still of a mixed type. At this stage, therefore,
particular RNA triplets, which previously may have
played quite variable roles in their amino acid sites, be-
\i come coding sequences for the first time. Selection for
specific amino acid sequences forces these coding se-
quences to become unique. If the scheme in the drawing

7/ Ry
/7 G

rect RNA Templete / 4
- 1;— P e /// /

it e R ‘::§;; .:g’::: is a_dopted, DRT specifies that the cod0n§ rather than the
R o ~;:::o§§§::’ . anticodons (e.g., Lacey et al. 1985) survive for ancestral
///7;“ k\//% -? binding sites, as suggested by the group | example. If the
/// i LD e L TS / carboxyl activation of the amino acids is achieved by
/// ST T T T T 7 esterification to adenine nucleotide, then proto-tRNAs
/// /// bo - ribosome 7 / H i i i i i
Gy, C1O0 T 00800 L LIPS can arise by extension of the primordial activating group,

as suggested in Fig. 5b. Ancient aminoacyl-RNAs are
Fig.'5. A hypothesis for the origin and e\_/olution'of the genetic code. supported by the isolation of small modern RNA cata-
a Direct RNA templating (DRT) to specify peptide sequences. The . . ) oy -
small filled ovoidsare carboxyl-activating groups (ribose-esterified lyStS for SyntheSIS of ribose @ )'ESte”fled aa-RNA
aminoacyl-A, in the favored form of the hypothesis); taege cross-  from ubiquitous biological reactants (lllangasekare et al.
hatched shapegepresent different amino acid side chains. Sequences] 997).
designated “codons” within the binding sites are not codons at the  The added RNA of the proto-tRNAs (Fig. 5b) would
time of panel a, but are so called to clarify their con_nectlon with later also Iikely make new functions possible for example
events.b Somewhat later—the appearance of aminoacyl-RNA (aa- . o . !
RNA). AC, anticodonc Still later—separation of the DRT into mRNA  @llowing the same events to occur during translation for
and protoribosome. Ribo-ribosome, a hypothetical RNA precursor ofevery aminoacyl-RNA, so that the peptide chain exten-
the nucleoprotein ribosome, a protoribosome. sion cycle could be standardized and optimized, ulti-

mately giving rise to modern specialized ribosomal sites.
required for its operation has been shown to exist. As Messenger RNA (mMRNA) is created when all peptide
pointed out above, amino acid sites specific to both polaextension is performed using aminoacyl-RNAs, pairing
and nonpolar amino acids can be folded from RNA.through their anticodons (AC) to the collected portions
Binding constants are sufficient to secure the amino acef the original sites which have now come to function as
ids from relatively dilute solutions and specificities suf- their triplet codons (Fig. 5¢). The residual (non-mRNA)
ficient reproducibly to produce oligomers of some part of the DRT, which may have acquired stimulatory
length. Sequences destined to be selected as coding tripetivities, e.g., for aminoacyl-RNA binding, may survive
lets could in fact exist within the primordial acid sites as a protoribosome (the ribo-ribosome). This evolution-
because they demonstrably exist within RNA sites todayary transition from the DRT to mRNA would be facili-
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tated if a variety of RNA sites could offer their primor- known sites have such triplets, or that there is a mean of
dial codons in similar structural contexts, so that al.3 triplets per site (rather than tk®.75 codon/site ex-
similar pathway could progressively capture them all.pected at random), cannot be interpreted as support for
Structural similarities among amino acid sites known to-strong DRT.
day (above) suggest that such a conserved pathway from Second, RNA has proven to be far more versatile than
top to bottom in Fig. 5 might be realized using asym-once imagined. As emphasized above, selections are
metric internal RNA loops as the ancestral amino acidconducted to isolate prevalent examples rather than to
sites. characterize the total population of sites. Each new
method of selection finds new sequences, at least for
arginine. Thus many sites remain to be discovered, each
Strong Versus Weak DRT having the same a priori claim to primordial status as the
ones we know. When looking for particular sequences,
) ) . . _ . we can never know that we have looked correctly, or far
Discussion of further evidence for DRT requires d'St'nC'enough.
tion between the weak and the strong forms of the Ny~ 15 the need to consider both strong and weak DRT:
pot“heS|s. N . experimental evidence of RNA versatility now available
Restrained” or weak DRT asserts that the chemistry ¢ opposite effects on the weak and strong forms of

of RNA allows coding for pt_aptides by the f_ormat_ion _Of DRT. It strengthens the weak form, which seems at this
RNA template surfaces having ordered amino acid bind-

. . . - : . point very plausible indeed. But while the triplet fre-
ing sites. Accardingly, aboriginal peptide synthesis tem'quency evidence pertinent to strong DRT is consistent
plates were RNA surfaces of some type. Many eleme.nt%/ith the hypothesis (Figs. 1-3; see above), statistically
of the weak form (Yarus 1991) of t.he DRT hypot-he5|s compelling proof of strong DRT via an elevated fre-
have already been demo_ng_ratgd_ in the results just re(juency of coding sequences in selected amino acid sites
viewed. The proof is plausibility is incomplete, as only a
few amino acids have been investigated and no such s8Fems out of reach.
of ordered peptides has actually been synthesized to
show that all conceivable chemical difficulties can be
overcome. However, such a demonstration seems WithiBeyond Statistical Considerations
reach.

The strong, or “exuberant,” form (Yarus 1991) of the
DRT hypothesis is not only that RNA templates wereBut there are other possible kinds of evidence: strong
ancestral to the modern translation apparatus, but thaRT asserts that the group | active center is the progeni-
specific RNA:amino acid complexes can be identified astor of at least five of six modern arginine codons. This
progenitors of the present genetic code. For examplegroup | example (Fig. 1) demonstrates that discovery of
strong DRT predicts that coding sequences occur ajdditional potentially ancient associations between an
higher-than-expected frequencies in selected amino acigmino acid and its coding triplets could strengthen strong
binding sites. However, such as experimental proof facepRT, potentially linking it to a known phylogeny.
two related, reinforcing difficulties. In addition, strong DRT would be strengthened if it

First, coding relies on triplets, which are intrinsically can explain, beyond the associations of individual amino
frequent sequences. Let us say that RNA amino acid sitegeigs, the evident general organization of the code. That
consist of a certain number of nucleotides. The numbeg,chy an explanation is possible is suggested by the con-
must be small to be plausible, since amino acids argeryation of U in sites for aliphatic side chains (see
about a third the size of nucleotides, and therefore th%\bove) and the use of the H5-H6 edge of U as a hydro-
space around a bound amino acid is small, even if Severthobic RNA element in a side-chain binding site (Pugi-
layers are contemplated. For illustration, assume 1G; ot a1 1995; Ye et al. 1995; Sundquist 1996). It has

nucleotides “near” the bound amino acid. Then, for any, . heen noted that U is the central nucleotide in the
amino ??‘”d hz_avmg three codons, like |§o|eUC|ne, thecodons of hydrophobic amino acids. The leftmost col-
probability of finding at least one codon in a run of 10

. - . ~~~umn in the standard coding table (second-position U)
randomized nucleotides (taken as contiguous for simplic-

itv) is =0.3. Thus the finding that both lent isol contains UUY-phe, UUR-leu, CUN-leu, AUH-ile,
|y) IS =1.2. Thus the Tinding that both prevalent isoleu- AUG-met, and GUN-val. That this list includes the hy-
cine sites among selected isoleucine-binding RNAs con-

tain isoleucine triplets (Fig. 3b) does not allow one drqphoblc amino acids in Fig. 3 may not, then, be a
' . . : coincidence.
confidently to impute meaning to the observation. For

arginine, with six codons, the statistical situation is even

| f ble: in 10 domized leotid ith eigh Acknowledgments. Thanks are due Robin Gutell for the data shown
€ss lavorable. In randomized nucieotdes with eig En Fig. 1. | appreciate many suggestions from my group which clarified
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nine triplets. Thus the finding above, that 6£90.67 of = GM30881 and GM48080.
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